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Abstract 
We discuss the advantages that a long-pulse spallation neutron source like the ESS can provide for certain types of slow neutron 
experiments in the general area of nuclear/particle/astrophysics. A long-pulse spallation neutron source can provide the best 
balance between the need for increased neutron intensity combined with enough information on the slow neutron energy 
spectrum at the experiment with the neutron source off to maximize the signal/background ratio and help diagnose systematic 
errors for many different types of experiments in this field. We discuss a few examples of different types of slow neutron 
experiments which we feel can take best advantage of a long-pulse mode of operation.  
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1. Main text  
For more than half a century, low energy neutrons have been used to elucidate important issues related to the 
understanding of fundamental symmetries, the determination of fundamental constants, and the testing of basic 
theories in nuclear and particle physics. Essentially all major neutron user facilities have included, as a component 
of their scientific program, the investigation of fundamental interactions with neutrons. In many cases, these 
experiments provide information not available from existing accelerator-based nuclear physics facilities or high-
energy accelerators. The range of scientific issues addressed by current and proposed experiments in slow neutron 
fundamental physics extend over the full range of unanswered questions in nuclear physics, particle physics, 
astrophysics and cosmology, gravitation, and the fundamental principles of quantum mechanics. These scientific 
questions include, but are not limited to, (1) the nature of time reversal non-invariance and the origin of the 
cosmological baryon asymmetry, (2) the search for possible new weakly-coupled interactions of Nature connected 
to dark matter and dark energy, (3) the nature of the electroweak theory and the origin of parity violation, (4) the 
nature and detailed description of the weak interaction between quarks, and (5) the exploration of quantum 
entanglement and quantum decoherence. Several recent scientific reviews [Nico and Snow (2005), Abele (2008), 
Available online at www.sciencedirect.com
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
lection and peer-review under r sponsibility of scientific committee of NPPatLPS 2013. 
32   W.M. Snow /  Physics Procedia  51 ( 2014 )  31 – 36 
Dubbers and Schmidt (2011)] discuss the relevant scientific issues and the means by which slow neutron 
experiments can address them in great detail. Given the breadth of scientific issues and their depth, we strongly 
suspect that many of these questions will remain interesting on the ~decade timescale relevant to this discussion of 
the implications of a new facility at the planned European Spallation Source (ESS). 
   
 Experiments in this subfield of physics are conducted at two qualitatively different types of facilities. Research 
reactors like ILL, FRM, PNPI, JAERI, NIST, and other facilities and CW spallation neutron sources like PSI 
provide continuous streams of slow neutrons for experiments. At these facilities the slow neutron beams 
transported from the source to the experimental area by neutron optical guides possess a broad distribution of 
neutron energies with a more-or-less Maxwellian spectrum. Experiments which either use only a narrow range of 
neutron energies or which need to conduct measurements as a function of neutron energy are obliged to select the 
needed family of neutron energies by beam choppers, crystal diffraction, or other techniques which typically reduce 
the neutron intensity available at the experiment by 1-2 orders of magnitude and increase unwanted experimental 
backgrounds through scattering or absorption of the slow neutron beam. By contrast, pulsed spallation neutron 
sources like the SNS and the JSNS can provide slow neutron beams in bursts with frequencies of 20-60 Hz. One 
can use time of flight to measure the neutron energy with a precision which is set by the ratio of the moderation 
time of the burst of neutrons in the cold moderator (about 100 microseconds, in practice the rate-determining step) 
to the time of arrival of the neutrons at the apparatus. In addition, the neutron source is off by the time that the 
neutrons arrive at the apparatus, thereby reducing certain experimental backgrounds. This combination of features 
is quite attractive for many slow neutron measurements.  
From this description one might think that, all other things being equal, the pulsed neutron sources would seem 
to be the best choice for most experiments in this field, which typically search for delicate effects or rare processes. 
But all other things are not equal. The time-averaged slow neutron brightness from a cold neutron source at the 
most intense research reactor, the ILL, is about one order of magnitude greater than that from the ~1MW SNS and 
JSNS short-pulsed spallation neutron sources. Since many experiments in this subfield are statistically limited, the 
tradeoff between the need for statistical accuracy and the requirements for low backgrounds and/or investigations 
of possible systematic errors is very sensitive to the specific experiment, and therefore many experiments are best 
carried out at the most intense (CW) slow neutron sources available. The instantaneous phase space density 
produced in the ~1 microsecond proton pulse employed in the MW-class short-pulsed spallation sources is very 
high, about an order of magnitude greater than that at the ILL, but much of this higher phase space density is lost in 
the slow neutron moderation process which is almost universally employed since the majority of experiments in 
this field prefer slow neutrons which spend more time in an experimental apparatus and are more easily 
manipulated using external fields and coherent neutron optical elements. 
So what is the most fruitful path forward for future neutron facilities? Inertial confinement fusion facilities like 
the NIF facility at Livermore emit tremendous numbers of neutrons per laser shot, but laser technology has not yet 
approached the regime in which such a source could operate reliably at the required repetition frequency needed for 
a practical slow neutron research facility. The construction of a new research reactor of increased power density 
seems difficult. Design studies conducted for the Advanced Neutron Source in the early 90’s discussed at ORNL 
were only able to achieve neutron densities near the core of about five times that of the ILL (which was constructed 
two decades earlier) at the cost of much greater complexity of the core due to the cooling requirements. For 
accelerator-driven MW spallation neutron sources the target need not be solid, and one has some extra freedom in 
the design and optimization of the target and the slow neutron moderators which are free from the requirement of 
research reactors to maintain a nuclear chain reaction. Unfortunately the instantaneous power delivered by the short 
proton pulse produces nontrivial mechanical shocks to spallation target materials. At the SNS, for example, proton-
pulse-induced cavitation of the liquid mercury causes significant mechanical damage to the inner surface of the 
stainless steel target vessel, thereby limiting its practical lifetime. High-Z materials which can produce the large 
number of liberated neutrons per proton (which give spallation neutron sources its well-known advantage over 
reactors in the larger number of neutrons produced per unit of power dissipation) and also withstand an order of 
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magnitude increase in instantaneous power density are not known. A pulsed neutron source based on a rotating 
fission core concept along the lines of the Dubna facility seems possible using existing technology and is under 
consideration there as a future possibility. 
The idea of a long-pulsed spallation neutron source of the type proposed for the ESS is to forego the attempt to 
produce a narrow ~1 microsecond proton pulse on the spallation target, which in practice requires the addition of 
an (expensive) accumulator ring to narrow the ~1msec proton pulse width which is naturally produced by high 
power 1 GeV proton linear accelerators. Instead one delivers the wider 1 msec pulse directly to the spallation 
target. This broader pulse can keep the spallation target operating in a tolerable engineering regime for practical 
high-Z target materials. Improvements in proton linear accelerator technology allow for the time-averaged power of 
the accelerator to be increased by about an order of magnitude relative to the SNS and JSNS. Such a source then 
can deliver a time-averaged slow neutron brightness which is comparable to the ILL reactor but with a time 
structure which possesses almost all the advantages for fundamental neutron physics experiments of energy 
information currently enjoyed at SNS and JSNS. The pulse width of the protons on the spallation target then 
matches more closely the ~100 microsecond timescale for neutron moderation in cold neutron moderator materials 
and thereby allows for a superior global optimization of the overall facility performance. Although at first glance 
such an approach would seem to forego one of the main advantages of pulsed spallation neutron sources for 
neutron scattering research, namely the higher energy resolution that comes from a narrower neutron pulse emitted 
from so-called “decoupled” moderators which preserve some component of the narrow proton pulse structure, 
improvements in neutron chopper and guide technology allow one to recover some of the needed neutron energy 
resolution for certain types of instruments in the cold neutron regime which is foreseen to possess the more 
promising future for scientific applications in materials science. The optimization studies which have been 
conducted for many of the usual types of neutron scattering instruments have been extensively documented in 
various ESS reports and show encouraging results for projected performance. 
As a new “green-field” facility, the ESS provides an exceptional opportunity for the community of researchers 
in fundamental physics with neutrons to define infrastructure to serve a scientific program and to optimize the 
design of the neutron sources and beamlines to ensure reduced systematic errors in precision experiments.  From a 
technical point of view, the advantages of the ESS in reducing systematic errors for experiments involving slow 
neutron beams lie in our view in the following main areas: 
• Utilizing the time structure of the beam to analyze the neutron velocity dependence of background signals in 
experiments that search for small asymmetries (important for the experiments that study the weak NN 
interaction via gamma asymmetry measurements and neutron spin rotation and for searches for possible new 
weakly coupled interactions)
• Utilizing the time structure of the beam to help make precision determinations of neutron beam polarization 
with supermirrors and polarized He3 gas cells (important for beta asymmetry measurement using polarized 
neutrons) 
• Utilizing the fact that the neutron production source is off by the time that the neutrons reach the apparatus to 
increase the signal/background ratio (important for neutron decay measurements and for searches for possible 
new weakly coupled interactions)
• Utilizing the time structure of the beam to gain intensity: current pulsed beam experiments on CW neutron 
sources, for instance in neutron decay, use a velocity selector and a beam chopper, where each element cuts 
intensity by about one order of magnitude. At ESS, even when the distance to the pulsed source is so large that 
the time structure of the beam is partly lost, one can gain typically more than a factor of five in intensity 
because the velocity selector is no longer needed (important for beta asymmetry measurements) 
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Coupled with the ongoing developments in neutron guide technology to transport the beam far away from other 
equipment and experiments without loss of flux, which can further reduce gamma-ray and neutron backgrounds, 
these features listed above confer decisive advantages for many slow neutron experiments. In all of these cases a 
high-precision determination of the neutron energy by time-of-flight is not really required. What is more important 
in practice is to have a rough determination of the neutron energy over a wide dynamic range and to be able to 
narrow the range of neutron energy spread enough for efficient neutron spin manipulation, which can be done if 
the experiment is placed far enough from the source. For this reason another very important parameter for the 
source is its repetition frequency. At the projected ~14Hz operation of the ESS slow neutron experiments will be 
able to use a wide dynamic range of neutron energies before this range is limited by frame overlap. 
We should also mention the potential advantages of the ESS for ultracold neutron physics. UCN sources are now 
being constructed and put into operation at several facilities throughout the world with the primary motivation to 
attempt improved searches for a neutron electric dipole moment. Some sources propose to locate themselves very 
close to a spallation target to produce a very large number of UCN which are then conducted to an external 
experiment: others are being designed to create UCN from an externally-extracted cold neutron beam. In both cases 
a pulsed neutron source has certain advantages. In pulsed operation one can in principle accumulate UCN in a 
volume for later extraction by manipulating neutron valves in phase with the pulsed source, thereby allowing at 
least in principle a buildup of phase space density which is comparable to that in the initial production. If on the 
contrary one wants instead to extract the UCN immediately upon production, a pulsed mode of operation relaxes the 
cryogenic engineering demands placed on the refrigerator which cools the UCN moderator as one can cool the 
moderator in between pulses after the UCN have been extracted. Since one of these operation modes are applicable 
to the great majority of UCN experiments, the ESS is an attractive facility for experiments in this regime as well. 
In the rest of this paper we elaborate on a few specific examples of experiments which we feel would greatly 
benefit from operation at the ESS were it available today. In the interests of space we restrict ourselves to 
experiments using slow neutron beams: many other contributions to this proceedings will elaborate in more detail 
on the UCN possibilities. We also follow with some general comments on the potential for future development of 
various neutron techniques which can be employed efficiently at pulsed neutron sources such as the ESS. 
  
One large category of fundamental neutron physics experiments involves the accurate determination of the 
parameters that describe neutron beta decay (lifetime and correlation coefficients).  Comparison of these results can 
be used to see whether or not the weak interaction in the charged-current sector is completely left-handed (as in the 
Standard Model) or has right-handed components.  These precision measurements can also provide important 
information regarding the completeness of the three-family picture of the Standard Model through a test of the 
unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In particular, neutron decay can be used to determine 
the CKM matrix element Vud with high precision. Neutron beta decay also dictates the time scale for Big Bang 
nucleosynthesis and remains the most uncertain nuclear parameter in cosmological models that predict the cosmic 
4He abundance. 
An example of a specific experimental approach for neutron beta decay measurements which can exploit the 
properties of the ESS is the PERC concept. As discussed elsewhere in these proceedings, PERC proposes to 
construct a decay spectrometer which delivers not slow neutrons but rather their decay products of interest to a low-
background region amenable to precision spectroscopy. Polarized slow neutrons decay in the presence of a 
magnetic field which is arranged to transport the decay products out of the neutron field and into a separate 
experimental area, where the high intensity of the ESS coupled with the lower backgrounds from the pulsed mode 
of operation could make feasible improvements in the measurement of several types of neutron decay correlation 
coefficients by more than an order of magnitude and allow for the first searches for certain correlations which have 
never been measured. The determination of several different neutron correlation coefficients using a common 
spectrometer should help eliminate several types of systematic error and enable searches for small deviations from 
Standard Model predictions. Given the complementarity of the constraints on new physics in the charged-current 
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sector of the electroweak theory from slow neutron data and from the LHC, we foresee the potential for a fruitful 
interplay of these two different approaches, especially if one of the other measurements shows a deviation from 
Standard Model expectations. 
Another scientific category involves the study of the weak interaction between quarks in the strangeness-
conserving sector.  This study is very difficult because of overwhelming direct effects of the strong interaction. As a 
result, the 5-6 effective weak couplings in the usual meson-exchange model of the process are poorly known. At the 
moment only one of these amplitudes is determined from experiment. Sensitive experiments using polarized cold 
neutrons to determine parity violation (an unambiguous tag for the weak interaction) in the n-p, n-D, n-3He, and n-
4He systems provide an opportunity to measure NN weak interactions in simple systems that are not complicated by 
poorly known nuclear structure effects. This data can be used to gain unique information on quantum 
chromodynamics (QCD) in the strongly interacting limit which is sensitive to quark-quark correlations from quark 
confinement and chiral symmetry breaking. We foresee that lattice gauge theory in the next decade should advance 
to the point where it is possible to calculate NN weak amplitudes from the Standard Model to 10% accuracy.  
Knowledge of these interactions is also required to understand parity-violating phenomena in atoms from nuclear 
anapole moments which should be measured in many atoms in the future.  
The SNS is now conducting a search for parity violation in polarized slow neutron capture on protons in the 
n+p→d+γ experiment. The goal of this experiment is the reach 10 ppb precision on the parity-odd asymmetry. This 
experiment is sensitive to the long-range component of the NN weak interaction due to pion exchange and is 
therefore of fundamental importance to any treatment of the weak interaction between nucleons. If it turns out that 
this amplitude is very small it will be very interesting and a strong candidate for a more precise measurement at the 
ESS. With a small modification the same apparatus can also be used to measure parity violation in polarized 
neutron capture on deuterium, n+d→t+γ. This measurement is only practical at the ESS.  The first advantage of the 
ESS is its improved signal/background ratio: even at the SNS the signal/background ratio is too small to reliably 
extract the parity-odd asymmetry from this reaction because of the very small neutron capture probability in 
deuterium. In addition we know from the experience of the NPDGamma colaboration’s work that a pulsed neutron 
source is essential for a reliable measurement of such a small asymmetry. Since the gamma detectors must operate 
in current mode as opposed to pulse counting mode, neutron time of flight is one of the only practical ways to help 
eliminate potential false asymmetries from capture gammas in other materials.  
  
Another accessible observable of the weak NN interaction is parity-odd neutron spin rotation. Parity violation 
causes the neutron index of refraction to possess two different values for different neutron helicity states. PV 
neutron spin rotation arises from a term G′σ⋅p in the index of refraction that is generated by the weak interaction 
(where σ is the Pauli spin, p is the momentum of the neutron, and G′ is proportional to the universal weak coupling 
constant).  The spins in a neutron beam whose polarization vector is transverse to p will experience a torque about 
p, resulting in a total rotation angle of: φpv = -4πNLRe(G′), independent of neutron momentum, where N is the 
number density of target nuclei and L the target length. A PV neutron spin rotation measurement in a liquid 
parahydrogen target could be conducted at the ESS. Because the PV spin rotation angle is energy independent 
while background rotations from residual magnetic fields scale with inverse neutron velocity, time-of-flight 
techniques allow φpv to be measured as a function of neutron energy, providing critical information about potential 
systematic errors.  When a polychromatic CW beam traverses the central pi-coil of the polarimeter, only the 
average neutron rotation angle is π radian, the faster neutrons precess less and the slower neutrons more, resulting 
in a polarization loss of 50%.  With the ESS pulsed beam, the current in the pi-coil would be ramped in phase with 
the beam pulse to provide a π radian rotation for all neutrons.  In a CW beam, there are dead-time losses as the 
polarization analysis axis is reversed each second. The reversals would occur between pulses at the ESS. 
  
A final example of a scientific subfield which we feel is well suited to be pursued at the ESS are searches for 
possible weakly coupled new interactions of nature. As precision cosmology has revealed that ~95% of the mass-
energy of the universe resides in some as-yet-unidentified form, a larger number of scientists are reconsidering the 
likely places where new interactions of nature might be found. More and more researchers are deciding to conduct 
experimental investigations to search for weakly-coupled interactions with ranges near the length scale of ~100 
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microns set by dimensional analysis applied to the dark energy and dark matter densities. The properties of 
neutrons are well-suited to conduct sensitive searches for such interactions: their zero electric charge, small 
magnetic moment, small electric polarizability, ability to penetrate macroscopic amounts of matter, and various 
capabilities for measurements with interferometric sensitivity can make neutrons uniquely sensitive to any new 
forces which might be present. Already slow neutron measurements place the most stringent bounds on possible 
new parity-odd interactions of the neutron with matter and on certain types of chameleon scalar fields postulated as 
dark energy candidates. We sense that the potential for further investigations in this area is quite promising and 
likely to remain an interesting scientific area for quite some time. The technical advantages to pursue this work at 
the ESS are similar to those relevant for the NN parity violation experiments: in addition the distance scales 
accessible in slow neutron scattering lie within the regime of scientific interest from the theoretical point of view.  
Finally there is a general advantage possessed by a pulsed neutron source such as the ESS for precision 
measurements with slow neutrons that should be kept in mind for future planning in this subfield: the time 
structure of the beam lends itself to a much broader set of neutron optical manipulation, including active optics, 
than a CW beam. One example includes the ability to form coherent superpositions of neutrons of slightly different 
energy and momenta which constructively interfere in a particular region of space to form a standing wave, known 
as the MIEZE technique in spin echo neutron scattering. This technique might be an important component of a 
future n+d→t+γ parity violation experiment as one could increase the signal/background ratio by employing the 
neutron equivalent of lock-in amplifier techniques to look for signals at the beat frequency of the waves. Another 
example is the extension of neutron spin echo techniques such as SESAME and related ideas to measure small 
angle scattering over a wide dynamic range of distance scales using birefringent magnetic prisms: this approach 
might be quite valuable in conducting sensitive searches for new weak forces of various types over a wide dynamic 
range of length scales. Coupled with the interesting neutron optical developments in progress at the JSNS 
involving magnetic focusing, pulsed magnetic fields, and new types of neutron interferometers, we foresee the 
possibility to conduct searches for new neutron interactions with greatly increased precision. Present experiments 
are nowhere near reaching the limit set by neutron counting statistics.  
We therefore feel that the scientific opportunities in these subfields combined with the even wider set of 
possibilities that can be pursued with ultracold neutrons which I did not have the space in this contribution to 
describe properly, such as the neutron electric dipole moment experiments, measurements of the neutron lifetime, 
and investigations of the gravitational interactions of the neutron through the recently-developed interference 
spectroscopy of neutron gravitational bound states, is strong justification for the inclusion of a program of 
fundamental neutron physics research at the ESS. More detailed examples of possible future experimental 
directions can be found in the many other contributions to these proceedings. By the time any such facility is 
constructed the pulsed neutron beams for fundamental physics at the SNS and JSNS will have operated for a 
decade, and it is quite likely that one or more of these experiments as well as others developed at CW sources 
could be transferred to the ESS to do physics immediately. Of course in practice all scientists know that the 
scientific landscape often changes qualitatively and rapidly in certain fields. The design of any facility for this area 
of science should therefore strive to maintain the maximum amount of flexibility to be able to respond quickly and 
effectively to the new opportunities which will continue to arise from unexpected directions.    
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